Active transport across the outer membrane in Gram-negative bacteria requires the energy that is generated by the proton motive force in the inner membrane. This energy is transduced to the outer membrane by the TonB protein in complex with the proteins ExbB and ExbD. In the pathogen Vibrio anguillarum we have identified two TonB systems, TonB1 and TonB2, the latter used for ferric-anguibactin transport and is transcribed as part of an operon that consists of orf2-exbB2-exbD2-tonB2. This later cluster was identified by a polar transposon insertion in orf2 that resulted in a strain deficient for ferric-anguibactin transport. Only the entire cluster (orf2, exbB2, exbD2 and tonB2) could complement for ferric-anguibactin transport while just the exbB2-exbD2-tonB2 genes were unable to restore transport. This suggests an essential role for this Orf2, designated TtpC, in TonB2 mediated transport in V. anguillarum. A similar gene cluster exists in V. cholerae, i.e. with the homologues of ttpC-exbB2-exbD2-tonB2 and we demonstrate that TtpC from V. cholerae also plays a role in the TonB2-mediated transport of enterobactin in this human pathogen. Furthermore, we also show that in V. anguillarum the TtpC protein is found as part of a complex that might also contain the TonB2, ExbB2 and ExbD2 proteins. This novel component of the TonB2 system found in V. anguillarum and V. cholerae, is perhaps a general feature in bacteria harboring the Vibrio-like TonB2 system.
Introduction
Iron is an essential element for all organisms but is not freely available because in the environment iron is found in the form of insoluble ferric-oxyhydroxides and in vertebrates this metal is mainly bound to heme, transferrin, lactoferrin and ferritin (29, 40) . Thus, bacteria have evolved mechanisms to acquire the otherwise unavailable iron. Bacterial iron acquisition systems can be divided in two main groups, those that utilize iron directly from the host proteins, such as transferrin and heme/hemoglobin and those that produce intermediaries such as hemophores and siderophores, which scavenge heme or iron respectively, from any ironchelating compound (13, 29, 30, 40) . In both cases, uptake of the iron source requires a specific outer membrane receptor. The transport across the outer membrane is an active process in which the energy required is generated from the proton motive force in the inner membrane and transduced by the TonB protein in complex with ExbB and ExbD to the outer membrane receptor (28) . The latter proteins belong to the MotB/TolR/ExbB and MotA/TolQ/ExbD family of proteins respectively. Uptake of group B colicins and infection by phages T1 and φ80 also requires the energy transduced by the TonB system (35) . The TonB system is a complex consisting of the proteins TonB, ExbB and ExbD and it was demonstrated in Escherichia coli to be required for the TonB protein to bind the outer membrane receptor at a conserved region called the TonB box (2, 28) . This complex is believed to have more than one molecule of each protein and that the ratio between TonB and the outer membrane receptor is 2:1 (18) . In E. coli, TonB was found to be part of both the inner and outer membranes where it is possibly associated with the outer membrane receptor (22) .
In the fish pathogen Vibrio anguillarum we have previously identified two TonB systems
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Materials and Methods.
Bacterial strains, plasmids and growth conditions. Bacterial strains and plasmids used in this study are described in Table 1 . V. anguillarum and V. cholerae were cultured at 25°C in either trypticase soy broth or agar supplemented with 1% NaCl (TSBS and TSAS respectively). For experiments determining iron uptake characteristics, the strains were first grown on TSAS supplemented with the appropriate antibiotics and passed to M9 minimal medium (32) supplemented with 0.2% casamino acid, 5% NaCl and the appropriate antibiotics. To achieve iron-limiting conditions, 2µM ethylenediamine-di-(o-hydroxyphenyl acetic acid) (EDDA) was added to the medium, while for iron rich conditions the medium was supplemented with 4 µg/ml ferric ammonium citrate. Antibiotic concentrations used for V. anguillarum were ampicillin (Ap) 250-1000 µg/ml, rifampicin (Rif) 100 µg/ml, chloramphenicol (Cm) 10 µg/ml, kanamycin (Km) 200 µg/ml also for V. cholerae and trimethoprim (Tp) 100 µg/ml. E. coli strains were grown in Luria-Bertani (LB) medium in the presence of the appropriate antibiotics. Antibiotic concentrations used for E. coli were Ap 100 µg/ml, Cm 30 µg/ml, Km 100 µg/ml, Tp 100 µg/ml and Spectinomycin (Sp) 100 µg/ml. General DNA procedures. Plasmid DNA preparations were performed using the alkaline lysis method (6) . Sequence quality plasmid DNA was generated using the Qiaprep ® Spin Miniprep Kit (Qiagen) and Wizard ® Plus SV Minipreps (Promega). Restriction endonuclease digestion of DNA was performed under the conditions recommended by the supplier (Invitrogen ® , Roche, New England Biolabs). Transformations of plasmid DNA to E. coli strains and other cloning strategies were performed according to standard protocols (32) . Plasmids were transferred from
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E. coli to V. anguillarum and V. cholerae by tri-parental conjugation as previously described (38) . Primers were designed using Oligo 6.8 ® primer analysis software and purchased from Invitrogen ® . DNA and protein sequence analysis were carried out at the NCBI using the BLAST network service (3) , with the Sequencher™ program version 4.2 (Genecodes) and also using the Tcoffee server (27) .
Nucleotide and protein sequence accession numbers. The nucleotide sequence of the tonB2 cluster of V. anguillarum is deposited in Genbank, accession number: AY644719. Accession numbers for additional sequences are referred to in the table and figure legends.
Construction of plasmids.
Plasmid pMS789 was generated by cloning the 1.7 kb PCR product, obtained using primers TonB2L and ExbB2U (Table 2) , into vector pCR2.1-TOPO (Invitrogen).
The following cycles were used to obtain the PCR product: followed by 30 cycles of 1 minute at 95°C, 45 seconds at 55°C and 2 minutes at 72°C. The XhoI-BamHI fragment from the PCR2.1-TOPO vector containing exbB2, exbD2 and tonB2, was sub-cloned into pACYC177 digested with XhoI-BamHI, so that the exbB2, exbD2 and tonB2 genes are under the control of the constitutive Km r gene promoter. Plasmid pMS800 was generated by cloning the PCR product that contains the ttpC, exbB2, exbD2 and tonB2 genes in pCR2.1-TOPO using the TOPO cloning strategy from Invitrogen. The PCR product was obtained using total DNA from V. anguillarum 775 and the primers TtpCvaU and ExbD2vaL (Table 2) , followed by 30 cycles of 1 minute at 95°C, 45 seconds at 55°C and 2 minutes at 72°C. From the pCR2.1 construct, the 2 kb XhoIBamHI fragment was cloned into pACYC177 digested with XhoI-BamHI, so that the four V.
anguillarum genes are under the control of the constitutive Km r gene promoter. To generate
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at Penn State Univ on January 29, 2008 jb.asm.org Downloaded from plasmids pMS800-∆exbB2 and pMS800-∆exbD2 we used inverse PCR with the primers exbB2invU and exbB2invL for ∆exbB2 and exbD2invU and exbD2invL for ∆exbD2 (Table 2) and pMS800 as template DNA. All four primers were engineered to contain a NcoI site. The same PCR cycles were used as described above with an extension time of 5 minutes. The PCR product was then digested with NcoI and ligated prior to electroporation into HB101 competent cells. The plasmids pMS789 and pMS800 and its mutant derivatives were all sequenced to assure that no mutation was induced during the PCR and cloning steps. Plasmid pMS989 was generated by first a creating a construct containing an internal deletion of the ttpC open reading frame of V. anguillarum from two separate PCR products amplified with primers TtpCmutU1
and TtpCmutL1 for the first 500 bp and primers TtpCmutU2 and TtpCmutL2 (Table 2) for the last 500 bp. These two products were then used in a second PCR with primers TtpCmutU1 and
TtpCmutL2 to obtain the ligated product of the first and last 500 bp of ttpC. This product was then cloned into pCR2.1-TOPO using the TOPO cloning strategy from Invitrogen. The Tp r gene from p34E-TP (14) was then inserted as a blunt EcoRI product in the unique SspI site within the PCR product cloned in pCR2. Bioassays. 50 µl of an overnight culture of each strain to be tested were seeded in a plate containing minimal medium and 0.7 % agarose and the iron chelator EDDA. The purified compounds spotted on top of the bioassays plates to determine functionality of the TonB cluster genes in V. anguillarum and V. cholerae were: anguibactin (1 mg/ml) our laboratory, enterobactin (1 mg/ml) Biophore Research, heme (20µM) Sigma, ferrichrome (1 mg/ml) Sigma, and ferric ammonium citrate (500 µg/ml) Sigma. From all iron sources, 5 µl were spotted onto the bioassay plate.
Antibody generation. One rabbit per protein was immunized with a peptide for either TtpC -CSVYNKEQNRSVEALE-or TonB2 -EQEHDLQRRQRSVPEC-. The peptides and antibodies were generated by Lampire Biological Laboratories according to their standard protocols. Sucrose density gradients. V. anguillarum cells were grown in minimal medium and whole cell lysates were extracted as described above with the exception that 10mM hepes, 25 % sucrose and 5mM EDTA buffer was used. One ml of the cell lysate was pipetted on top of a sucrose gradient in Ultra-Clear centrifuge tubes from Beckman (14x89 mm). Sucrose gradient were made by pipetting 2 ml of the following sucrose solutions in 5mM EDTA, 55, 50, 45, 40, 35 and 30 %.
Sucrose gradients were run in a Beckman ultracentrifuge at 37,000 g for 24 hours. A total of 24 fractions of 0.5 ml were collected from each tube and 20-80 µl were used for western blot analysis.
In vivo formaldehyde cross-linking. These experiments were performed as described by Skare et al. (34) . In short, V. anguillarum cells were grown in minimal medium to an OD 600nm of 0.8.
Cells were washed twice in phosphate buffer pH 6.7 and resuspended in the same buffer to an
at Membranes were then exposed to Kodak X-Omat Blue XB-1 film and developed in a Kodak M35A X-Omat processor.
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Results
A novel protein is essential for iron transport mediated by the TonB2 system.
We recently reported that a transposon-generated mutant of a gene upstream of exbB2 in V.
anguillarum resulted in an impairment of ferric-anguibactin transport (36) . Sequence analysis indicated that this mutation occurred in an orf that in V. cholerae was reported to encode a predicted protein with homology to the V. cholerae TolR, a designation that we adopted for this gene in V. anguillarum, and it has also now been used for other Vibrios. We also demonstrated that this mutation is polar on the transcription of the downstream genes that include exbB2, exbD2 and tonB2 (36) . In the annotation of the V. cholerae genome there are two tolR genes, one of the tolR genes is part of the tolQRAB operon and encodes a predicted protein of 142 amino acids that shares homology with the tolR gene of E. coli. The second tolR gene of V.
cholerae is located upstream of exbB2 and encodes a predicted protein of 457 amino acids that shares no significant general homology with the sequence of the other tolR gene in V. cholerae.
On the other hand, this second tolR gene product shares 65% identity with the 444 amino acids of the Orf we identified in V. anguillarum by transposition mutagenesis and as a consequence we named it TolR (36) . However, these assignations were incorrect, likely because of the difficulty in assessing the divergence between these genes in the vibrios and in E. coli. The taxonomical issue is complicated even further because the homology of this Orf to Exb-related proteins is confined to just the carboxy-terminal region that inserts in the membrane, with three transmembrane segments. The remaining part of the protein has no homology to this family of proteins. Thus, although this Orf has a domain with homology to the MotA/TolQ/ExbB family, it falls into a class of its own. Based on our results in this work we propose that the tolR gene found upstream of exbB2 in both V. anguillarum and V. cholerae be renamed as ttpC, encoding
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TtpC (TonB2 complex associated transport protein C).
To investigate the possible function of the ttpC gene product in iron transport, we used the double mutant strain MS570 (Fig. 1A ) that is affected in the expression of TonB1
(chloramphenicol cassette insertion in the tonB1 gene) and harbors the polar insertion in ttpC that also affects the expression of exbB2-exbD2-tonB2 (36) . This strain cannot transport any of the TonB dependent ferric-iron sources tested, including ferric-anguibactin. Ferric ammonium citrate is an iron source that does not require TonB for internalization and is used as a positive control for the viability of the cells. Table 3 shows that when this strain was complemented with the cluster exbB2, exbD2, tonB2 harbored by plasmid pMS789 ( Figure 1B ), still none of the TonB dependent iron sources tested were positive in bioassays with this strain (Table 3) .
Transport of ferric-anguibactin and other iron sources could only be restored using plasmid pMS800 harboring ttpC in addition to exbB2-exbD2-tonB2 (Fig. 1B) . This result demonstrates that TtpC is required for TonB2 mediated iron transport. To determine whether ExbB2 and ExbD2 are also required for transport by the TonB2 system we complemented strain MS570
harboring the polar ttpC and the tonB1::Cm r mutation with two pMS800 plasmid derivatives that with internal deletions in either exbB2 (pMS800-∆exbB2) or exbD2 (pMS800-∆exbB2). Table 3 shows the results of the bioassays performed with these strains and it can be concluded that besides TtpC, both ExbB2 and ExbD2 are essential for TonB2 mediated iron transport. To assess whether TtpC is also necessary for TonB1 mediated iron transport, we used a strain containing the wild type tonB1 gene in which the ttpC gene was disrupted by a trimethoprim cassette, 775 ttpC::Tp, resulting in a knock-out of ttpC (Fig. 1A) . This mutation was non-polar on the expression of exbB2-exbD2-tonB2 as determined by RT-PCR analysis of the tonB2 transcripts in this strain (Fig. 1C) . Table 3 clearly illustrates that this ttpC mutant is still able to However, before performing the cross-linking experiments we needed to ascertain the subcellular localization of the TonB2 and TtpC proteins in V. anguillarum cells.
A C C E P T E D
To determine the sub-cellular localization of these proteins we prepared total cell lysates from V. anguillarum strain 775 and isolated total, outer, inner and cytoplasmic/periplamic proteins (see Materials and Methods). Using polyclonal antibodies generated against TtpC and TonB2 specific peptides, we performed western blot analysis to assess the localization of these proteins and their complexes. Figure 2A shows that both the TonB2 and the TtpC antisera are specific for the respective proteins since we do not see a reaction in the mutant although the TonB2 antiserum shows a cross-reaction with another protein of higher molecular weight. When the cells are fractionated and the total membranes are treated with sarkosyl we find both TonB2
and TtpC in the total membrane fraction and in the inner membrane fraction ( Fig 2B lanes 4 and   8) . We do not find any TtpC or TonB2 in the cytoplasm/periplasm or the outer membrane fraction. We do see a reaction with the TonB2 antiserum with a larger protein in the cytoplasm/periplasm, we do not know the nature of this protein. When the same fractions are probed with antiserum against the highly abundant outer membrane receptor FatA, we see that
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FatA is present in the total and outer membrane fraction (Fig. 2C lanes 1 and 3) , and in minor amounts in the inner membrane fraction (Fig. 2C, lane 4) , indicating that the fractions have little contamination from other cellular compartments. However, from this experiment alone we cannot conclude that both the TonB2 and TtpC proteins are exclusively inner membrane proteins, since extraction with sarkosyl can solubilize some outer membrane proteins (11) . It should be noted that in silico prediction programs predict that both the TonB2 and TtpC proteins are located in the inner membrane. To determine the exact cellular localization of these two proteins we sedimented the proteins from the whole cell lysates in sucrose density gradients (see Materials and Methods and reference 24), and used the specific antibodies for their detection in the fractions. We also used specific antibodies against FatA (1) as a control for the outer membrane fractions. The status of the sucrose gradients was determined by measuring the refractive index from a sucrose gradient in which no protein sample was added (not shown).
After collecting the fractions the proteins were transferred to nitrocellulose membranes and the subsequent western blots show that TonB2 is found in fractions 2-12 ( Fig. 3A) , while TtpC is found in fractions 3-23 (Fig. 3B) . FatA spans fractions 8-23 with its peak from fraction 17 to 20 (Fig. 3C) . Figure 3D shows the quantification of these results by densitometry. Both TtpC and TonB2 show a curve that is shifted to the left (top of gradient) where there is no or little FatA.
Consequently, from these results together with the fractionation experiments in Figure 2 , we can conclude that TonB2 and TtpC must be inner membrane proteins, although it seems that TtpC can also be found in a small proportion in the outer membrane as indicated by the TtpC second peak that overlaps with the region where FatA is found in large amounts.
In the cross-linking experiments we used the TtpC antiserum, rather than the TonB2 antiserum because the latter has a cross-reaction with another membrane protein of higher
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at Penn State Univ on January 29, 2008 jb.asm.org Downloaded from molecular weight as indicated by western blot analysis (Fig. 2) . Although, there are several bands that can be detected with anti-TtpC in western blots (Fig. 2) , none of those bands can be detected in a ttpC mutant, we hypothesize that these result from oligomerization of TtpC, (Fig. 5A ). Since we do see less free TtpC in the membrane of the tonB2 mutant it is possible that complexes are not abundant enough to be detected. In both the exbB2 and exbD2 mutant stains (MS570/pMS800-∆exbB2 and strain MS570/pMS800-∆exbD2 respectively, only complex 4 could be detected ( Fig. 5B and C) . Complex 4 that forms after it can be concluded that TtpC is found in at least four distinct complexes and these complexes are all absent in a TonB2 deficient strain and complex 1-3 are also not present in the exbB2 and exbD2 mutants.
We find TtpC in the membrane in all mutant strains used, but it seems to be present in lower amounts in the tonB2 mutant ( Figure 5A ). Although the same amounts of cells as measured by OD 600nm were loaded in each lane, the western blots cannot be compared directly.
Perhaps TonB2 is in some way stabilizing TtpC in the membrane, while TtpC is not required to stabilize TonB2 as can be seen by the fact that we can detect wild type levels of TonB2 in the TtpC mutant strain (data not shown).
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Complementation of E. coli and V. cholerae tonB mutants with the tonB2 cluster genes from V. anguillarum.
The genes exbB2, exbD2 and tonB2 of V. anguillarum cannot complement the tonB mutant strain KP1032 of E. coli (36) . Because in this work we show that TtpC is necessary for TonB2 mediated iron uptake, we complemented E. coli KP1032 with a construct that expresses ttpC, exbB2, exbD2 and tonB2. The resulting E. coli strain is still not able to transport any of the TonB dependent iron sources tested (Table 4 ) and was still resistant to phage φ80.
We therefore investigated if the TonB2 cluster genes can complement the TonB2 mutant strains of the more closely related V. cholerae. As shown in Table 4 , the V. cholerae exbB2 polar mutant DOV221 (26) cannot be complemented with the exbB2, exbD2 and tonB2 genes from V.
anguillarum (expressed from plasmid pMS789), even though the V. anguillarum TonB2 Va protein is expressed in this V. cholerae strain as detected by western blot analysis ( Fig. 6 lane 1) .
Surprisingly the antibody against TonB2 Va of V. anguillarum does not react with the TonB2 Vc of V. cholerae ( Fig. 6 lane 2) . When the plasmid pMS800 that includes the V. anguillarum ttpC was used, the V. cholerae strain recovered the ability to transport enterobactin, a siderophore whose transport is mediated by the TonB2 complexes of V. cholerae and V. anguillarum (33, 36) . Similar results as those obtained for the single V. cholerae exbB2 mutant were obtained with the V. cholerae exbB2 polar and exbB1 non-polar mutant strain DOV300 (26) . In the latter double exbB1 and exbB2 knockout of V. cholerae we could demonstrate that both heme and ferrichrome could also be transported by the TonB2 system of V. anguillarum as long as TtpC of V. anguillarum is present ( TtpC-containing bacteria and correlation with the presence of TonB2.
TtpC homologues are found in all Vibrio species sequenced so far and in a few other bacteria, not only limited to the γ-proteobacteria (Table 5) . Among the Vibrios, the TtpC proteins share high homology ranging from 57 to 66% identity and 73 to 80% similarity.
However there is a species-specificity for the TtpC protein since the ttpC gene from V. cholerae Interestingly, these TonB2 systems do not have a TtpC homologue and there seems to be a correlation between the presence of TtpC and the absence of the proline-rich region in TonB2.
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The V. cholerae TtpC is essential for TonB2 mediated transport of enterobactin in this bacterium.
To explore if TtpC is also essential for TonB2 mediated transport in other bacteria, we mutated the ttpC gene of V. cholerae CA401 by inserting the kanamycin resistance gene cassette in the unique SalI site. This insertion is non-polar, since we can still detect tonB2 transcripts in this mutant by RT-PCR (Fig. 9) . Seliger et al (33) showed that in V. cholerae, transport of enterobactin is exclusively dependent on TonB2. We therefore used the ability to transport enterobactin to measure whether the V. cholerae TtpC is necessary for TonB2 mediated transport. The ttpC mutant and wild type V. cholerae strains were then used in a bioassay with ferric ammonium citrate, heme and enterobactin as iron sources. As shown in Table 6 the ttpC mutant fails to transport enterobactin while ferric ammonium citrate is still transported, indicating that like in V. anguillarum, TonB2 mediated iron uptake in V. cholerae also requires TtpC. We included heme as an iron source since heme transport depends on either the TonB1 or the TonB2 system. As expected, the bioassay is positive for heme uptake in the ttpC mutant suggesting that transport mediated by the TonB1 system in V. cholerae does not require TtpC.
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Discussion
The siderophore anguibactin is synthesized via a nonribosomal peptide synthetase mechanism that is entirely encoded on the virulence plasmid pJM1 of the fish pathogen Vibrio anguillarum (15) . The secreted siderophore is, once bound to ferric-iron, transported back into the cells cytosol via a specific transport system that starts with the outer membrane receptor FatA coli TonB (5, 17, 20, 33) .
V. anguillarum harbors two TonB systems (36), TonB1 and TonB2 and these systems are redundant with respect to the transport of heme and ferrichrome. Only TonB2, however, can also transport anguibactin, enterobactin and vanchrobactin (36) . In this work we have shown that just the classic TonB2 system (TonB2, ExbB2 and ExbD2) is not sufficient for the transport of the TonB2-specific iron compounds in V. anguillarum. A fourth protein, TtpC, was identified that is essential for iron transport mediated by the TonB2 system. The ttpC gene encodes a polypeptide of ~49 kDa with three predicted trans-membrane domains. TtpC however is not coli TonB, TonB2 from V. anguillarum does not seem to shuttle between the membranes and is solely found in the inner membrane.
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We identified ttpC gene homologues in many bacteria, including all Vibrio species sequenced so far, with the TtpC homologues sharing high similarity. Even though the TtpC proteins from V. anguillarum and V. cholerae share 66% identity and 80% similarity the TtpC Vc protein from V. cholerae cannot complement a mutation in the ttpC Va gene of V. anguillarum.
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